Verification of droplet size distributions is essential for the development of real-time variable-rate sprayers that synchronize spray outputs with canopy structures. Droplet sizes from a custom-designed, air-assisted, five-port nozzle coupled with a pulse-width-modulated (PWM) solenoid valve were measured under various operating conditions. Parameters included five air velocities (0, 10, 30, 50, 70 m/s), three spray solutions (water-only, a water-surfactant solution, and a water-drift-retardant solution), five operating pressures (138, 207, 276, 345, 414 kPa), and seven pulse-widthmodulation rates (10, 20, 40, 50, 60, 80, 100%). Droplet sizes did not vary significantly with modulation rates of 20-100%. The variation of droplet size was highly significant with spray solution formulation and operation pressure and was slightly significant with air velocity. A dimensionless parameter, which was the ratio of liquid viscosity and relative discharge velocity to surface tension, was correlated with DV0.1, DV0.5, and DV0.9 of droplets for the three spray solutions. Droplet size variations were minimized when the variable-rate nozzle was operated at a constant liquid pressure and when a 10% or lower modulation rate was not used. The variation of droplet sizes due to changes in the air velocity for water-only and surfactant-amended sprays was acceptable for the new sprayer development.
INTRODUCTION
The use of conventional air-assisted sprayers to apply pesticides has ensured production of high-quality fruits and ornamental nursery trees and enhanced our standard of living. However, the unintended consequence of using conventional sprayers also resulted in excessive chemical applications to targeted and nontargeted areas and in environmental pollution (Herrington et al., 1981; Travis et al., 1987; Holownicki et al., 2000; Salyani, 2000; Derksen et al., 2004; Zhu et al., 2006a Zhu et al., , 2008 . Variable-rate airassisted sprayers that match spray outputs to target needs may be the solution to this overspray problem associated with conventional sprayers (Fox et al., 2008) .
The cross section and foliage density of a tree vary throughout its entirety. To accommodate this variability and achieve accurate spray delivery, application rates should be tailored to each targeted section. An automatic air-assisted sprayer that can implement five-port air-assisted nozzles ( Fig. 1) to perform variable-rate spray outputs may have the potential to achieve this objective. This nozzle was developed to improve spray penetration and air jet velocity distribution inside dense nursery crops by dividing conventional large air jets into five small jets (Zhu et al., 2006b ). The spray discharged from the five-port nozzle formed a narrow flat fan pattern. The number of ports controlled the spray pattern width. If a pulse-width-modulated (PWM) solenoid valve is connected to the liquid discharger in each port, the flow rate from each liquid discharger can be changed by changing the solenoid valve modulation rate. Consequently, the sprayer can achieve the variable-rate func- tion automatically with modulated spray volume (or output).
Variable-rate spray applications have been achieved with nozzles coupled with 10-Hz PWM solenoid valves for airless horizontal boom sprayers (Han et al., 2001; Pierce, 2001) . The modulation rate (or duty cycle) of the PWM solenoid valve determines the variable flow rate function while the spray pattern remains unchanged (Giles and Comino, 1990) . For example, when a modulation rate is 70%, the nozzle discharges spray during 70% of its duty cycle and is inoperative during the rest of the duty cycle. The nozzle produces a reasonably consistent droplet size spectrum with a constant operating pressure for modulation rates between 25 and 100% (Gopalapillai et al., 1999) . However, droplet sizes were inconsistent at low modulation rates and low operating pressures, and these droplets broke up when discharged into a highvelocity air stream (Giles, 1997) .
Droplet size is one of the most important factors that influence spray quality on target areas and is affected by atomization methods, nozzle types, operating pressure, and weather conditions (Womac, 2001; Nuyttens et al., 2007) . For a given spray application, it is essential to maintain a constant droplet size distribution to achieve a consistent spray quality. However, droplet size can be altered by changing physical properties of spray mixtures by the addition of surfactants and drift retardants (Reichard et al., 1996; Zhu et al., 1997; Miller et al., 2001; VanGessel and Johnson, 2005; Lan et al., 2008) .
For air-assisted sprayers, air velocity is an important factor that influences the quality of spray depositions (Fox et al., 1992) and droplet sizes (Reichard et al., 1977 (Reichard et al., , 1979 . Current droplet size measurement technologies are limited to nozzles operated under laboratory conditions. Consequently, the influence of air velocities on droplet size distributions from air-assisted sprayers under field conditions is not well documented.
Design of the PWM-controlled, air-assisted, five-port nozzle with consistent droplet size distributions is the first step for the development of intelligent sprayers that have automatic variable spray output functions to match the variations in plant canopy structures. Parameters that influence droplet sizes from the nozzle include solenoid valve modulation rate, liquid pressure, air velocity discharged from the nozzle, and spray solution physical property. However, to elucidate the mechanistic principles underlying air-assisted, five-port nozzles in variable-rate applications, the magnitude of influence of the spray parameters on droplet size distributions first must be determined. This information is then incorporated for future automatic variable-rate sprayer development to achieve real-time and reliable spray quality output synchronized with variations in canopy structures. The objective of this research was to determine the effect of modulation rate, spray solution, air velocity, and liquid pressure on droplet size distributions produced from an air-assisted, five-port nozzle coupled with PWM solenoid valves to form the basis for future sprayer development.
MATERIALS AND METHODS
The air-assisted nozzle used for the test consisted of an air manifold with five ports and five liquid dischargers (Zhu et al., 2006b) (Fig. 1) . The aluminum manifold was casted with five ports, each at a radial angle of 15
• separation and with an inside diameter of 36 mm. A liquid discharger, modified from a brass tip, a part of a TeeJet XR8002 flat fan tip (Spraying Systems, Wheaton, IL), was mounted on the centerline of each port. In this study only the center port was used, and the outer four ports were capped to avoid spray discharge interference from adjacent ports. Hence the droplet sizes were determined for a flat fan nozzle that discharged droplets into a 36-mm air jet.
A 10-Hz PWM solenoid valve (Capstan Ag Systems, Inc., Topeka, KS) to control liquid flow rate was mounted upstream of each liquid discharger. A 12 V DC converted from a 110 V AC power supplier was used to power the PWM solenoid valve. The solenoid valve was connected to a custom-designed control system coupled with a microcontroller (PIC18F4620, Microchip Technology Inc., Chandler, AZ) and an N-channel power metal-oxidesemiconductor field-effect transistor (MOSFET) (model RFP12N10L, Fairchild Semiconductor, Inc., South Portland, ME). The microcontroller triggered the solenoid valve with 10-Hz pulse signal to the MOSFET. Modulating spray rates from 10 to 100%, with a pulse duty cycle from 10 to 100 ms, respectively, achieved the variablerate function to the liquid discharger. The solenoid valve closed the discharger when the modulation rate was zero. Duty cycles were managed with a microcontroller program which was written in MicroCode Studio (Version 3.0.0.5, Mecanique, Saltburn by the Sea, UK) and complied into a hex file by a PICBASIC PRO complier (MicroEngineering Labs, Inc., Colorado Springs, CO). The timing accuracy of the modulation was validated with an oscilloscope (Fluke 199, Fluke Co., Everett, WA) at a 5-ms time interval.
A 19-liter pressurized tank mounted on an electronic balance monitored the liquid flow rates delivered to the center port discharger. An air line at 620 kPa pressurized the tank. An air pressure regulator upstream of the tank controlled the pressure of liquid delivered to the nozzle.
An adjustable air blower (model BV4000, Stanley Black & Decker, Inc., New Britain, CT) provided air delivery to the five-port manifold. A flexible 10-cm diameter plastic hose connected the blower outlet to the five-port manifold. Adjusting the blower speed with a variable autotransformer (Staco Energy Products Co., Dayton, OH) controlled the air velocity discharged from the center port outlet. Air velocity was measured with a model IFA 300 constant temperature anemometer (CTA) system (TSI, Inc., St. Paul, MN). The probe used for the air velocity measurement was a model 1210-60, 0.15-mm cylindrica,l hot-film sensor (TSI, Inc., St. Paul, MN). The system took 2000 samples per second for each measurement and reported minimum, maximum, and mean air velocities.
Spray solutions used in the test were water-only, a surfactant solution (a surfactant dissolved in water), and a drift-retardant solution (a drift retardant dissolved in water). The nonionic surfactant was a liquid formulation of PREFERENCE (Winfield Solutions, LLC, Shoreview, MN) consisting of 89.5% alkylphenol ethoxylate, sodium salts of soya fatty acids, isopropyl alcohol, and 10.5% inert constituents as spray adjuvant. The drift retardant was a powder formulation of Strike Zone PPS (Helena Chemical Company, Collierville, TN) consisting of a proprietary blend of nonionic water soluble organic polymers and ammonium salts. These two adjuvants were tested because they are widely available in the current marketplace and are used by farmers. Physical properties of the three spray solutions are given in Table 1 Droplet size distributions were measured with a particle/droplet image analysis (PDIA) system (model VisiSizer and PIV, Oxford Lasers, Inc., Didcot, United Kingdom). The system used an automated PDIA method to determine the average diameter of droplet images taken from a digital camera. For the droplet size measurement, lens option 3 was selected at the magnification setting 2. This setting allowed measurements of droplet diameters from 21 to 1732 µm. For each test, at least 10,000 droplets in a spray pattern at 50 cm below the liquid discharger and across the centerline along the long axis of the spray pattern were scanned and measured. The droplet size spectrum (D V0.1 , D V0.5 , and D V0.9 ) was reported for each test based on the requirement from the ANSI/ASAE Standard 572.1 (ASABE, 2009). D V0.1 , D V0.5 , and D V0.9 represent the distribution of droplet diameters such that droplets with diameters smaller than D V0.1 , D V0.5 , and D V0.9 are composed of 10%, 50%, and 90% of the total liquid volume, respectively.
Variables and their values for the tests are listed in Table 2. The flow rates from the nozzle at 100% modulation rate were 0.53, 0.64, 0.75, 0.83, and 0.90 L/min when the operating pressures were 138, 207, 276, 345, and 414 kPa, respectively. Droplets from water-only spray solutions were measured first. From these results, the treatments for the surfactant and drift-retardant solution variables were determined. Total treatments were 170, 45, and 45 for water-only, surfactant, and drift-retardant solutions, respectively, and each treatment was repeated three times. Fisher's least-significant difference (LSD) multiple comparison test was used to determine differences among means (SAS version 9.1, SAS Institute, Inc., Cary, NC). All differences were analyzed at the 0.05 level of significance.
RESULTS AND DISCUSSION

Modulation Rate
For a given air velocity, liquid pressure, and spray solution, variations in droplet sizes were minimal and insignificant for all modulation rates except at 10%. For example, at 30-m/s air velocity and 276-kPa liquid pressure, the mean D V0.5 of droplets for the modulation rate from 20 to 100% was 203 µm for water-only solution, 236 µm for surfactant solution, and 337 µm for drift-retardant solution (Fig. 2) . Their standard deviations were 4, 11, and 5 µm, respectively. Under the same conditions but at a
FIG. 2:
Effect of modulation rate on mean volume median diameter (D V0.5 ) of droplets for water-only, surfactant, and drift-retardant solutions at 30-m/s air velocity and 276-kPa pressure. Error bars represent standard deviations.
10% modulation rate, the mean D V0.5 was 258 µm for water-only solution, 209 µm for surfactant solution, and 275 µm for drift-retardant solution. Droplet sizes at 10% modulation rate were different from those at higher modulation rate. Because of this, in the following results and discussion, droplet sizes for the modulation rate ranging from 20 to 100% were averaged as a group for each air velocity, liquid pressure, and spray solution.
The means of D V0.1 , D V0.5 , and D V0.9 of water-only droplets for the modulation rate ranging from 20 to 100% and those for the 10% modulation rate at different air velocities and liquid pressures are presented in Tables 3 and  4 , respectively. The means of D V0.1 , D V0.5 , and D V0.9 of surfactant and drift-retardant droplets for a modulation rate ranging from 20 to 100% and those for the 10% modulation rate at different air velocities and liquid pressures are in Tables 5-8 , respectively. Because of the low continuity of liquid flow and intermittent spray sheet breakup at 10% modulation rate, their droplet sizes had larger standard deviations than higher modulation rates. The sizing system took over 30 minutes to collect the 10,000 droplets for the 10% modulation rate treatments at 138-kPa pressure versus less than one minute for 100% modulation rate at the same pressure. This result from the air-assisted PWM-controlled nozzles is similar to the result for airless PWM-controlled nozzles reported by Gopalapillai et al. (1999) . To maintain constant droplet size distributions, a modulation rate at 10% and lower should be avoided in the development of new air-assisted variablerate sprayers.
Spray Solution
To expect agricultural sprayers to spray liquids with large physical property variations is impractical. Spray liquid physical properties should be as close to that of water as possible so that droplet sizes remain consistent. Adding different additives affects the physical properties of the spray solution, so it is important to know how much a change in droplet size will occur. (6) 108 (1) 93 (1) 4 30 157 (3) 115 (3) 102 (5) 5 70 97 (2) 99 (2) 98 ( (5) 182 (6) 17 30 312 (17) 236 (11) 210(10) 12 70 190 (1) 185 (1) 182 (2) (54) 362(10) 62 30 521 (43) 426 (6) 391 (9) 23 70 303 (6) 313 (5) 315(3) 8 LSD 59 30 9
* LSD = Fisher's least-significant difference (P < 0.05). For a given air velocity and liquid pressure, droplet sizes also varied with spray solutions (Tables 3-8) . Among all the 260 treatments, the volume median diameters D V0.5 of droplets ranged from 147 to 774 µm for water-only droplets, 138 to 312 µm for surfactant droplets, and 147 to 579 µm for drift-retardant droplets. In general, the largest droplets were in the treatment with drift-retardant solution, followed by the surfactant solution and then water only (Fig. 3) . However, even with the drift retardant, the D V0.1 of droplets was smaller than 100 and 150 µm for most treatments. Therefore caution is needed for spray practices with air-assisted variablerate nozzles when drift potentials are high under windy conditions. Viscosity is the most important liquid prop- erty to influence droplet sizes (Collins et al., 2008) . The viscosity of the drift-retardant solution was 1.88 times the viscosity of the water-only and 1.65 times the viscosity of surfactant solution (Table 2) . Liquid surface tension also influenced droplet sizes, but not as much as viscosity. In this test, surface tension of the drift-retardant solution was higher than the surfactant solution but lower than wateronly solution.
Air Velocity and Liquid Pressure
The effect of air velocity on mean droplet diameters at D V0.1 , D V0.5 , and D V0.9 for liquid pressures (138-414 kPa) and modulation rates (20-100%) with water-only, surfactant, and drift-retardant solutions, respectively, are shown in Fig. 4 . Droplet diameters generally increased when air velocity increased from 0 to 30 m/s and de-
FIG. 3:
Comparison of droplet sizes discharged from water-only, surfactant, and drift-retardant solutions at 0 m/s air velocity, 414-kPa liquid pressure, and 100% modulation rate. Error bars represent standard deviations.
creased when air velocity increased from 30 to 70 m/s. Among all air velocities tested, droplet diameters were smallest at the 70-m/s air velocity. At 276-kPa pressure, the difference for D V0.5 between 30 and 70 m/s air velocities was 32 µm for water-only droplets (Table 3) , 51 µm for surfactant droplets (Table 5) , and 155 µm for driftretardant droplets (Table 6 ). Compared to the whole range of droplet sizes for a given condition shown in the tables, the difference for water-only and surfactant droplets could be negligible. Therefore, the variation of droplet diameters due to the change in air velocity was acceptable for use in the air-assisted five-port nozzle. Standard deviations of droplet diameters at 0 m/s air velocity were generally larger than those at higher air velocities (Tables 3-8 were 11, 5, 11 µm, respectively, while they were 3, 1, and 5 µm, respectively, when the air velocity was 70 m/s (Tables 3, 5, and 6). The variations in the standard deviations for D V0.9 were smaller than those for D V0.1 or D V0.5 and demonstrated that the introduction of air into the droplet stream affected droplet size.
The effect of liquid pressure on mean droplet diameters at D V0.1 , D V0.5 , and D V0.9 for air velocity (0-70 m/s) and modulation rates (20-100%) with water-only, surfactant, and drift-retardant solutions are shown in Fig. 5 . Droplet diameters decreased considerably as liquid pressure increased. At 138-kPa liquid pressure, the droplet diameter variations at D V0.1 , D V0.5 , and D V0.9 from all three solutions due to air velocity increase were greater than those at higher liquid pressures (Tables 3, 5, and 6) .
During the process when liquid is discharged into an air stream from a nozzle, liquid pressure is converted to kinetic energy and becomes the discharge velocity. For water-only droplets, the critical relative velocity at which droplets start to break up is given by the equation (Lefebvre, 1989 )
where U R is the critical relative velocity between the droplet and air in meters per second (m/s) and D is droplet diameter in micrometers (µm). When droplets are discharged from the five-port air-assisted nozzle, their trajectories are parallel to the air stream. The value of U R is the difference between the air velocity and the droplet discharge velocity. When the air velocity is equal to the droplet discharge velocity, U R is zero and droplets no longer break up. For the XR8002 nozzle without air assistance, the droplet discharge velocity at 4 cm below the nozzle orifice was 22.2, 25.3, 27.8, 30 .2, and 31.8 m/s at operat- ing pressures of 138, 207, 276, 345 , and 414 kPa, respectively (Zhu et al., 1995) . Based on the values of UR at different pressures and air velocities (Table 9 ) and Eq.
(1), for the five-port air-assisted nozzle, U R should be the lowest or the droplet sizes should be the largest when the air velocity was 30 m/s. Our test also demonstrated that among most treatments, D V0.1 , D V0.5 , and D V0.9 of droplets from three spray solutions at 30 m/s air velocity were greater than those at other air velocities. Therefore, when the air velocity approached the droplet discharge velocity, droplets were dispersed but no longer atomized.
Because atomization of a liquid is governed by viscosity, surface tension, and relative velocity in air, droplet sizes often are correlated with Weber and Reynolds numbers. From the Weber and Reynolds numbers, a dimensionless parameter of the spray solution (Z) was developed with droplet relative velocity (U R in m/s), and the spray solution dynamic viscosity (µ in Pa·s) and surface tension (σ in N/m) to best correlate with droplet size distributions:
Based on the values of µ and σ in Table 1 and values of U R at different air velocities and liquid pressure in Table 9 , and droplet size values in Tables 3, 5 , and 6, linear regression equations were derived for D V0.1 , D V0.5 , and D V0.9 in the function of the dimensionless parameter Z:
For these equations, U R increased from 0.2 to 48.8 m/s for Z ranging from 0.003 to 1.76, but coefficients of determination (r 2 ) for the three equations were only 0.40, 0.23, Figure 6 shows values of D V0.1 , D V0.5 , and D V0.9 measured from the experiments and the best fit slope determined from Eqs. (3), (4), and (5) for the dimensionless parameter (Z) for water-only, surfactant, and drift-retardant solutions, respectively. U R is linearly proportional to Z, but D V0.1 , D V0.5 , and D V0.9 slightly decreased as Z increased due to the aerodynamic shearing on droplets to form secondary atomization. Also, the regression equations for D V0.1 , D V0.5 , and D V0.9 with Z were a better fit for D V0.1 than for D V0.5 or D V0.9 (Fig. 6 ).
CONCLUSIONS
Conclusions from tests of the variable-rate air-assisted five-port nozzle modulated with a PWM solenoid valve are as follows: Droplet diameter consistencies varied with air velocity, liquid pressure, modulation rate, and spray solution physical properties. Among these four variables, droplet size was most affected by liquid pressure, followed by spray solution and then air velocity.
Droplet diameters did not vary with modulation rates at 20-100%, but they were more variable at the 10% modulation rate.
For a given spray solution and operation pressure, droplet diameters were largest at the 30-m/s air velocity in the range of 0-70 m/s. Droplet diameters were larger from the drift-retardant solution than from the water-only and surfactant solutions. Higher operating pressure resulted in smaller droplets. Droplet diameters were less variable at higher air velocities.
FIG. 6:
Correlations of dimensionless number µU R /σ with D V0.1 , D V0.5 , and D V0.9 of droplets discharged from water-only, surfactant, and drift-retardant spray solutions.
The dimensionless parameter Z correlated with D V0.1 , D V0.5 , and D V0.9 of droplets from water-only, surfactant, and drift-retardant spray solutions. Droplet diameters slightly decreased as Z and U R (relative velocity between the droplet and air) increased.
The optimal conditions that minimize droplet diameter variations for variable-rate spray applications with the air-assisted five-port nozzle were to maintain a constant liquid pressure and to use modulation rates of 20-100%. However, droplet diameters also varied with air velocity, but this variation was acceptable for the use of the airassisted five-port nozzle in future automatic variable-rate sprayer development.
